Abstract: In this paper, buffer-free germanium-tin (GeSn) films on Si(001) grown by molecular beam epitaxy are characterized. GeSn layers show high thermal stability under complementary metal-oxide-semiconductor processing conditions. The experimental results demonstrate that Ge 0.928 Sn 0.072 film retains high crystallinity with few misfit dislocations formed at a relaxation degree of 91.5% after post-thermal annealing at 600°C. Moreover, numerical simulations demonstrate that the proposed photodetector can achieve a high responsivity of 0.102 A/W at 2 μm. This strategy can facilitate the fabrication of GeSn-based devices, which will contribute substantially to the development of group IV-based infrared optoelectronics.
Buffer-Free GeSn with High Relaxation
Degree Grown on Si(001) Substrate for Photodetection 
Introduction
Substantial progress has been made in the field of silicon photonics (SiP) in the past few decades [1] . However, there is a long-standing obstacle to large-scale optoelectronics integration due to silicon's low luminous efficiency. Several strategies have been proposed for overcoming this drawback, including the incorporation of group III-V materials [2] - [6] and the use of group IV materials [7] - [14] . Among these approaches, GeSn alloys have attracted tremendous interest as desirable photonic materials due to the following properties: I) They improve performance in optoelectronic applications. Both theoretical and experimental studies have demonstrated that GeSn becomes a direct-bandgap material at a Sn content of 6.5% [15] - [20] , which improves its luminous efficiency and makes it a suitable candidate for the gain medium for group IV lasers [17] , [21] , [22] ; II) They extend the operation wavelength λ for infrared photodetection [17] - [20] . By incorporating Sn into Ge, it can extend the cutoff spectrum due to the reduction of the bandgap; III) They constitute a potential low-cost solution. Compared to group III-V photonics [23] , group IV semiconductors exhibit lower fabrication cost due to their compatibility with CMOS technologies. Therefore, the use of GeSn material has opened new avenues for the development of various applications, such as high-speed CMOS technology [24] , [25] , direct bandgap emission [26] , [27] , efficient photodetection [28] , [29] , and lasing [30] . In consideration of equilibrium solid solubility and Sn segregation phenomena in Ge, low-temperature growth techniques such as molecular beam epitaxy (MBE) [31] , chemical vapor deposition (CVD) [32] , and magnetron sputtering epitaxy have been used to grow high-quality GeSn alloys on Si or Ge substrate [33] - [38] and Sn composition of up to 34% has been reported [33] - [35] . For a long time, Ge buffer exists as a requisite during the growth of GeSn films on Si substrate [14] , [38] . As GeSn is coherently grown in Ge buffer, compressive strain is induced due to the lattice mismatch between Ge and GeSn, which results in the higher Sn composition that is required for the indirect-to-direct bandgap transition [39] . Recently, it was reported that relaxed GeSn could be grown on Si without a buffer layer [40] . However, only a few pioneers are focusing on this issue and there is a lack of comprehensive research.
In this article, we fabricated buffer-free GeSn films on Si(001) substrate. Material properties of the GeSn layers are investigated and examined via high-resolution X-ray diffraction (HR-XRD), transmission electron microscopy (TEM) and atomic force microscopy (AFM). Furthermore, the performance characteristics of photodetectors based on GeSn are investigated via theoretical analysis. This unique process can facilitate the fabrication of buffer-free GeSn-based structures, which will promote the development of Si-compatible photonics and novel optoelectronic devices.
Experimental Details
GeSn samples were grown on a 6-inch single-side polished P-type Si(001) substrate with a resistivity of 5-15 ·cm by a solid-source MBE system with a base pressure of 3 × 10 −10 Torr. Si (001) wafer was loaded immediately into the load-lock chamber after being cleaned chemically, which was followed by dipping in dilute hydrofluoric acid (DHF) (HF:H 2 O = 1:30) for 30 s. The pre-baking lasted 10 min in the vacuum chamber at a temperature of 550°C. During this pre-heating treatment, the surface-terminating hydrogens on the Si wafers are expected to be desorbed [40] . After preheating, the substrate temperature was adjusted to below 200°C for GeSn growth. Subsequently, GeSn samples with various Sn compositions were grown.
After epitaxial growth, the wafer was diced into small pieces for a post-growth thermal-processing study to determine the effectively workable rapid thermal annealing temperature. The thermal annealing should be high enough to release the strain. A 60-s DHF dip was employed to remove the surface oxide caused by post-growth air exposure. Rapid thermal annealing (RTP) was performed at atmospheric pressure in a nitrogen ambient. For multiple samples, the annealing temperature ranged from 400 to 700°C for 60 s. An HR-XRD was employed to investigate the crystalline quality, composition, and strain of the GeSn layers. The wavelength of the incident beam was fixed at 1.538Å. The surface morphology and roughness of the GeSn layers were characterized at room temperature via AFM in the contact mode. The TEM technique was utilized to further explore the crystalline quality of the GeSn films. Fig. 1(a) and (b) show HR-XRD (004) and (224) ω − 2θ scan curves of the as-grown GeSn and the GeSn sample that was annealed at 600°C, respectively. Two separate peaks, which correspond to Si substrate and Ge 0.9707 Sn 0.0293 epitaxial film (from right to left), are identified from the curves. Combined with the (004) and (224) XRD curves, the Sn composition and the relaxation degree of the as-grown GeSn are calculated as 0.0293 and 86.7%, respectively. Both the positions and the full width at half maximum (FWHM) of the GeSn (004) and (224) peaks vary slightly after annealing at 600°C; hence, the GeSn samples maintain their initial properties after annealing at 600°C. It should also be noted that the FWHM can be used to calculate the particle size by Scherrer equation, which is as follow [41] : In (1), λ is the X-ray wavelength, θ is the scattering angle, β is the FWHM of the peak, K is a constant related to crystal shape, and L is the layer thickness (uniform film). Hence, the FWHM is related to the layer thickness. In addition, the non-uniformity and defect of the film can affect the FWHM. In this work, the FWHM of our Ge 0.97 Sn 0.03 is 0.23°along symmetric (004) plane, which is comparable to that of the Ge 0.97 Sn 0.03 reported in [42] . What's more, the FWHM of our GeSn is even smaller than that reported in [43] . Considering that the defect density should be slightly higher than that grown on Ge or on Ge/Si virtual substrate due to the large lattice mismatch. It confirms that the buffer-free GeSn can also be a feasible strategy, which can be conducive to the development of GeSn/Si-based applications.
Results and Discussion
Next, to better analyze the influence of the annealing temperature on the quality improvement and strain relaxation, HR-XRD (004) and (224) ω − 2θ scan curves of as-grown Ge 0.93 Sn 0.07 and the samples after annealing at various temperatures are depicted in Fig. 2 . According to the (004) and (224) peaks in Fig. 2 , the Sn composition and relaxation degree of the as-grown sample are calculated as 0.0712 and 91.0%, respectively. After annealing at 500°C, the intensities and FWHMs of the peaks remain almost the same compared with the as-grown sample. The left peaks shift slightly, which results from the strain relaxation rather than the Sn segregation. As the post-thermal annealing temperature increases to 600°C, the descending ω − 2θ scan curves demonstrate that the proposed Ge 0.93 Sn 0.07 can undergo a post-annealing process at 600°C for quality improvement and strain relaxation. The small shoulders at the right side of the GeSn XRD peaks (which are indicated by yellow dashed ellipses) demonstrate that a SiGeSn layer probably formed at the GeSn/Si interface due to the interdiffusion between GeSn and Si. More detailed information about the lattice constants, strains and relaxation degrees of as-grown (AG-1, 2) and the GeSn samples after annealing at various temperatures is listed in Table 1 . The surface morphology of the GeSn sample at room temperature is shown in Fig. 3 . The rootmean-square (RMS) roughnesses before and after post-thermal annealing at 600°C are 0.998 nm and 1.27 nm, respectively. It indicates that the sample maintains a satisfactory surface morphology and little Sn segregation after the 600°C post-annealing. The decrease in the Sn composition of the sample after annealing at 600°C is mainly attributed to the additional thermally activated kinetic processes that are associated with Sn desorption. When the annealing temperature reaches 700°C, surface roughening occurs with the formation of 3D islands and the RMS roughness steeply increases. Therefore, the wafer could not maintain satisfactory material properties after post-thermal annealing at temperatures that exceeded 600°C. Fig. 4(b) and (c) show high-resolution TEM images of the regions in red dotted and blue dashed boxes, respectively, in Fig. 4(a) . No threading dislocations or Sn clusters are identified in Fig. 4(b) . Fig. 4 (c) presents the GeSn/Si interface and demonstrates the defects at the GeSn/Si interface, which are due to the strain relaxation of the GeSn film. The observed lattice points and planes demonstrate the high crystallinity of the buffer-free GeSn layer on Si. Therefore, according to the TEM measurements, the proposed GeSn film is high crystallinity without obvious threading dislocation, which provides a guarantee for a GeSn/Si-based device.
For optoelectronic applications, electrical and optical characterization is of importance. Considering that the cutoff wavelength of GeSn expands beyond 2 μm, which is not covered by the spectral range of spectroscopic ellipsometer. Here, we only evaluated electronic property by Hall measurement. The results show that the carrier concentration and hole mobility of the sample are 5 × 10 17 cm −3 and 100 cm 2 V −1 s −1 , respectively. Compared with [44] , it performs a low mobility. The introduced compressive strain between GeSn and Si becomes the predominant cause for the decline in mobility. The compressive strain can reduce scattering rate and increase the conductivity effective mass by changing the intervalley distribution of carriers, which finally results in a comparatively low mobility. According to previous discussion, the material properties of GeSn films that are grown on Si(001) can be improved via the post-annealing process, which provides a new way to develop the fabrication process of GeSn-based devices in photonic applications.
Numerical Simulations and Discussion
We design a photodetector based on the proposed GeSn. A cross-sectional schematic diagram of the device is shown in Fig. 5 . Various obstacles are encountered during device fabrication, such as the release of the induced strain. This strain distribution would affect the performance of the device at long wavelengths, which will be discussed later. The fabrication process needs to be optimized and relevant work is in progress. Therefore, we theoretically investigate the performance of the GeSn-based photodetector by Sentaurus, which can provide guidance on material growth and device fabrication. The related optical parameters of relaxed GeSn are extracted from [45] - [48] . The refractive index n and extinction coefficient k of strained GeSn can be found in [49] .
The I-V bias characteristics of the strained devices with various Sn components under illumination at 1.55 μm are shown in Fig. 6 . All the photodetectors exhibit a rectifying behavior, which is similar to that of a diode. First, we discuss the dark current, which is a critical performance parameter for the signal-to-noise ratio and power consumption. A photodetector with higher Sn content shows a larger dark current due to more defects and a lower bandgap. Low dark currents of 45.3 nA, 59.0 nA, 75.8 nA, and 85.7 nA can be obtained at Sn contents of 0.025, 0.045, 0.065, and 0.072, respectively. By introducing Si passivation, the dark current can be further decreased [50] . The photocurrent versus V bias is plotted as a solid curve in Fig. 6 . There is a similar trend in I-V characteristics: the photocurrent is nearly identical between −2.5 and 0 V, while it increases obviously along with V bias under forward bias. In addition, the proposed photodetector achieves significant current enhancement over the reference Ge photodetector. That suggests that the Sn content has a dramatic effect on the photocurrent. The currents increase slightly with the Sn content at the same bias voltage, which is mainly attributed to the enhanced absorption coefficient α in the GeSn layer. The magnitude of α depends on the band gap of GeSn, which is denoted as E G, . As the Sn content increases, E G, and E G,L decrease due to the decrease in the energy of the and L conduction valleys, which is conducive to the improvement of the absorption coefficient of GeSn. Compared to the L conduction valley, the valley decreases further due to the larger magnitude of deformation potential. By subtracting the dark current from the photocurrent, one can observe that the GeSn-based photodetector with higher Sn content yields a weaker optical response. A possible explanation is as follows: The decrease of the bandgap and the increase in Sn content affect the dark current while the absorption enhancement in the GeSn film affects the photocurrent. As the Sn content increases, the two mechanisms exist simultaneously; however, the former is dominant. In summary, it is necessary to optimize the fabrication process and Sn content to improve the performance of the device.
Next, we examine the dependence of the strain on the current. Fig. 7 presents a comparison between the calculated currents of relaxed and strained devices versus V bias for two wavelength incidences. The red and green lines remain almost the same under illumination with λ = 1.55 μm, which corresponds to the optical response at 1.55 μm in Fig. 8 (green and pink curves, respectively) . As shown by dashed curves in Fig. 7 , the current is modeled as a function of the bias voltage at an incidence of 2 μm. The current decreases in the strained GeSn photodetector compared to the relaxed device. Because of the lattice mismatch between Si and GeSn, compressive strain is induced and increases E G, . An optical response of the proposed photodetector to the light signals at a wavelength of 2 μm is observed even at zero bias, which implies that this structure can extend the cut-off wavelength beyond 2 μm. The influence of the induced strain on the response characteristic is negligible at 1.55 μm. As the working wavelength increases, the compressive strain degrades the performance of the photodetector. To further extend the cutoff wavelength and improve the photocurrent, it is important to release the strain that is caused by material growth during the experiment.
As another performance metric of the photodetector, Fig. 8 compares the calculated responsivity spectrum as a function of λ for the photodetectors with various Sn contents. First, we discuss the responsivity characteristics of the strained devices. The results show that the cutoff wavelengths of responsivity at Sn contents of 2.5%, 4.5%, 6.5% and 7.2% are 1.975 μm, 2.088 μm, 2.2 μm, and 2.275 μm, respectively. The spectra of the strained devices extend clearly into longer wavelengths with the increase in Sn content. For all strained photodetectors, at shorter wavelengths (λ < 1.4 μm), all responsivities remain the same, while at longer wavelengths (λ > 1.4 μm), the responsivity improves slightly as the Sn content increases. A comparison study of strained and relaxed Ge 0.928 Sn 0.072 photodetectors is carried out to interpret the effect of the strain on the responsivity. As the pink and green lines shown in Fig. 8 , the relaxed photodetector shows a larger responsivity at longer wavelengths compared with the strained device, which corresponds to the difference between the currents (i.e., dashed curves) in Fig. 7 . Notably, the relaxed Ge 0.928 Sn 0.072 photodetector achieves a responsivity of 0.102 A/W at 2 μm, which is larger than those of the photodetectors in previous reports [38] , [49] , [51] , [52] . A brief summary is presented to explain this phenomenon. According to [53] , the magnitude of α is related to m r 3/2 ( ω − E G, ) 1/2 , where m r is the reduced mass, which is determined by the electron and hole effective masses, and ω is the incident photon energy. For simplicity, we only consider the influence of the interband transition from the HH band to the conduction band on the optical absorption, due to its smaller transition energy. When the wavelength is smaller than 1.4 μm, the effective masses of the density of states (DOS) show a more significant impact on absorption coefficient α than incident photon energy. Due to the lattice mismatch between Si and GeSn, the induced compressive strain increases the effective masses of the DOS in the HH band and the conduction band. Hence, the optical responsivity of the strained GeSn device is larger than that of the relaxed device at shorter wavelengths. As the wavelength continues to increase, the incident wavelength becomes the dominant factor. With the increase in the wavelength, E G, begins to affect the absorption coefficient. Compared with the relaxed device, the strained device show a lower responsivity, which corresponds to a larger E G, . Therefore, by releasing the induced compressive strain, the performance of the photodetector can be improved. According to the previous discussion, three main problems must be considered: first, the fabrication process should be further optimized to reduce the number of defects; second, a suitable Sn content must be used to obtain a high optical response; last and most important, the compressive strain should be released to achieve high-performance infrared photodetection.
Conclusions
High-quality crystalline buffer-free GeSn films were successfully grown on Si(001) via MBE. The samples underwent a post-annealing process at 600°C for quality improvement and strain relaxation. According to HR-XRD measurements, Ge 0.928 Sn 0.072 film with a relaxation degree of 91.5% was directly formed on Si(001). Both XTEM and AFM images have demonstrated that a high-crystallinity buffer-free GeSn layer was grown on Si(001) substrate. Importantly, further improvement can be achieved via optimization of device preparation, which will pave the way toward the integration of photonic circuitry based on group IV materials.
